Zero-field muon spin relaxation experiments have been carried out in the Pr(Os1−xRux)4Sb12 and Pr1−yLayOs4Sb12 alloy systems to investigate broken time-reversal symmetry (TRS) in the superconducting state, signaled by the onset of a spontaneous static local magnetic field Bs. In both alloy series Bs initially decreases linearly with solute concentration. Ru doping is considerably more efficient than La doping, with a ∼50% faster initial decrease. The data suggest that broken TRS is suppressed for Ru concentration x 0.6, but persists for essentially all La concentrations. Our data support a crystal-field excitonic Cooper pairing mechanism for TRS-breaking superconductivity. In unconventional superconductors symmetries in addition to gauge symmetry are broken in the superconducting state, leading to novel properties and the possibility of more than one superconducting phase.
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1 Breaking of time-reversal symmetry (TRS) by a superconducting transition is a relatively rare example of such additional broken symmetry. Strong experimental evidence for broken TRS comes from zero-field muon spin relaxation (ZF-µSR) experiments that observe the onset of a spontaneous local field B s below the superconducting transition temperature T c . Spontaneous fields have been observed by ZF-µSR in (U,Th)Be 13 , 18 attest to their high quality. ZF-µSR experiments were carried out at the Meson Science Laboratory, KEK, Tsukuba, Japan, and at the ISIS Neutron and Muon Facility, Rutherford Appleton Laboratory, Chilton, U.K. Figure 1 shows the time evolution of the decay positron count rate asymmetry, proportional to the positive-muon (µ + ) spin polarization P µ (t) (Ref. muons stopping in the sample holder has been subtracted from the data. As previously reported, 7 in the end compound PrOs 4 Sb 12 the relaxation becomes faster in the superconducting state. Similar increases are observed in the alloys.
The ZF-µSR data are well described by the damped Gaussian Kubo-Toyabe (K-T) function 7, 19 
where
is the K-T functional form expected from an isotropic Gaussian distribution of randomly-oriented static (or quasistatic) local fields at muon sites. 19 The rms width of the static field distribution is ∆/γ µ , where γ µ is the muon gyromagnetic ratio, and Λ is the exponential relaxation rate associated with an additional contribution to the muon spin relaxation. Both ∆ and Λ contribute to the increased low-temperature relaxation (Fig. 1) . 
15,21
In superconducting PrOs 4 Sb 12 7 and Pr 0.8 La 0.2 Os 4 Sb 12 longitudinal applied fields H c1 (50-100 Oe) "decouple" the K-T relaxation, indicating that it is indeed quasistatic.
19
Below T c the nuclear dipolar and electronic contributions to ∆ are uncorrelated and add in quadrature:
where ∆ n is the normal-state nuclear dipolar rate and ∆ e (T ) is the additional relaxation rate due to the spontaneous field from superconducting electrons. The K-T form assumes this field, like the nuclear dipolar field, is randomly distributed, although as previously noted 7 the data cannot discriminate between random and uniform spontaneous fields. A spontaneous internal field from broken TRS is expected only if (a) the superconductor is inhomogeneous and the field is nonuniform, 1 or (b) the pairing is nonunitary and the probe spin is hyperfinecoupled to the (uniform) Cooper-pair spin. 31 Thus it is not possible to decide between these alternatives from the ZF-µSR data alone. 7 Equation (3) was fit to the data of Fig. 2 using the temperature dependence of the BCS order parameter for ∆ e (T ) (Ref. 7) , and varying ∆ n and the amplitude ∆ e (0) of ∆ e (T ) for best fit. Figure 3 suppression is accurately linear for both solutes, with slopes −1.71(5) G (Ru doping) and −1.13(7) G (La doping). For Ru doping the data are limited to x ≤ 0.3, and hence do not probe the crossover in penetration-depth behavior observed at higher concentrations. 22 The drastic decrease in the specific heat jump at T c observed in Pr 1−y La y Os 4 Sb 12 for y 0.3 (Ref. 14) is not reflected in our data (Fig. 3) [nor, for that matter, in T c (y)].
The estimated error in ∆ e (0) diverges as ∆ e (0) → 0 (dashed curves in Fig. 3 ). Thus data with experimentally attainable statistics (which are excellent, cf. Fig. 1 ) cannot determine whether or not linearity is maintained at higher concentrations. Nevertheless the available data strongly suggest that broken TRS is suppressed for x 0.6 by Ru doping, but persists to high La concentrations.
This behavior can be understood if the Cooper pairing mechanism in PrOs 4 Sb 12 is the exchange of itinerant Pr 3+ crystal-field excitations (excitons).
17,23-26
Treatments of this interaction have concluded that it can lead to TRS-breaking superconductivity in PrOs 4 Sb 12 17 and its alloys. 16 An alternative picture for Pr(Os 1−x Ru x ) 4 Sb 12 26 explains the minimum in T c as due to a crossing between the CEF splitting and the rattling energy of the Pr ion 27 without considering broken TRS.
In the model of Koga, Matsumoto, and Shiba (KMS), 16 Ru and La doping of PrOs 4 Sb 12 affect the TRS-breaking excitonic pairing in different ways. The rapid increase with Ru doping of the splitting between the crystallineelectric-field (CEF) Pr 3+ singlet ground state and magnetic first excited state 28 weakens the pairing interaction due to the excitonic mechanism, without pair breaking or other effects that would rapidly suppress T c . PrRu 4 Sb 12 is a conventional superconductor, and this weakening leads to a crossover or transition between TRS-breaking superconductivity in Os-rich alloys and conventional swave pairing at the Ru-rich end of the series. This is reflected in the minimum in T c (x) 13 and, as reported here, in the vanishing of the broken TRS, both for x in the neighborhood of 0.6.
In Pr 1−y La y Os 4 Sb 12 La substitutes for Pr with little distortion of the lattice or the electronic structure.
14,18,29
La doping simply weakens the Pr-Pr intersite interaction, resulting in less excitonic dispersion; this reduces the pairing interaction.
16 Our ZF-µSR data suggest that in this case TRS is broken across the alloy series, with an amplitude that vanishes only for large y.
The temperature dependence of the exponential damping rate Λ is given in Fig. 4 for the Ru-doped and Ladoped alloys. As in PrOs 4 Sb 12 , 7 in the alloys there is no evidence for an anomaly in Λ at T c . Previous experiments 30 showed that the dependence of the damping on longitudinal field is consistent with dynamic relaxation due to thermal fluctuations. Nuclear magnetism was suggested as the origin of these fluctuations for a number of reasons, among them the fact that electronic spin fluctuations would be strongly affected by superconductivity.
We consider for completeness a transition to an unrelated weak-moment ( 10 −3 µ B ) magnetic state at T = T mag as an alternative explanation of B s . From the ZF-µSR data the onset of B s occurs at the superconducting T c , at least for low doping where it can be clearly seen (Fig. 2) . Although there are many cases of coexistence of magnetism and superconductivity in strongly-correlated electron systems, T mag = T c only at isolated points in the phase diagrams of these systems. A magnetic-transition scenario requires fine tuning to such a point. Even if this were the case in the end compound, doping would almost certainly change T mag relative to T c , and the fine tuning would be lost in the alloys. There is no evidence for this, and we conclude that a magnetic transition unrelated to superconductivity is unlikely.
In Pr-based compounds the µ + charge can affect the CEF splitting of Pr 3+ near neighbors, which in turn modifies the local Pr 3+ susceptibility that is the major contribution to the muon Knight shift.
32 This modification might also affect the superconductivity locally. The normal-state µ + Knight shift in PrOs 4 Sb 12 tracks the bulk susceptibility, however, 33 suggesting that any such perturbation is small.
We conclude that broken TRS in PrOs 4 Sb 12 is suppressed by both Ru and La doping, but differently for the two solutes. Ru doping appears to restore TRS for x 0.6, near the minimum in T c (x), whereas for La doping TRS breaking persists to y ∼ 1, i.e., most or all Pr-doped LaOs 4 Sb 12 alloys exhibit broken TRS. These properties are consistent with the KMS picture 16 for the CEF excitonic pairing mechanism and TRS-breaking superconductivity in PrOs 4 Sb 12 -based alloys. Our results motivate a quantitative treatment of broken TRS in Pr(Os 1−x Ru x ) 4 Sb 12 and Pr 1−y La y Os 4 Sb 12 .
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